We have examined several neurochemical and behavioural parameters related to the function of the mesolimbic dopamine (DA) pathway in animals treated with nicotine following three modes of drug administration, i.e. systemic intraperitoneal injection, intraaccumbens (Acb) infusion or intraventral tegmental area (intra-VTA) microinjection. The present modes of systemic, intra-Acb and intra-VTA nicotine administration elicited comparable acute increases in dialysate DA levels from the Acb. The increase in extracellular DA levels was paralleled by a signi®cant enhancement of locomotion in a habituated environment in the case of systemic or intra-VTA nicotine administration, whereas unilateral or bilateral intra-Acb nicotine infusion was ineffective, showing that accumbal DA increase is not suf®cient to elicit locomotion in this experimental paradigm. Intra-VTA, but not systemic or intraAcb, nicotine administration caused a long-term (at least 24-h) increase in basal dialysate DA levels from the Acb. In addition, signi®cant increases in tyrosine hydroxylase (TH) and GluR1 (but not dopamine transporter or NR1) mRNA levels in the VTA were detected 24 h after intra-VTA nicotine administration. Systemic nicotine injection caused only an increase in TH mRNA levels while intra-Acb infusion did not modify any of the mRNAs tested. The long-term increase in basal DA levels in the Acb and TH, and GluR1 mRNA levels in the VTA upon intra-VTA nicotine microinjection indicates that even a single nicotine injection can induce plastic changes of the mesolimbic DA pathway.
Introduction
Nicotine can activate the mesolimbic dopamine (DA) pathway resulting in stimulation of locomotion and reinforcement. Accordingly, lesions of mesolimbic DA neurons attenuate the locomotor stimulant properties of nicotine (Clarke et al., 1988; Benwell & Balfour, 1992; Louis & Clarke, 1998; see, however, Vezina et al., 1994 for contrasting results), as well as nicotine selfadministration in rats (Corrigall et al., 1992) .
Increases in extracellular DA levels in the nucleus accumbens (Acb) can be elicited by systemic (Imperato et al., 1986) , as well as local, injections of nicotinic agonists in the ventral tegmental area (VTA) or in the Acb (Nisell et al., 1994b; Marshall et al., 1997) , the site of origin and termination of mesolimbic DA neurons, respectively. However, nicotine differentially affects DA release when injected into the Acb or the VTA (Nisell et al., 1994b) and nicotinic antagonists block systemic nicotine effects on extracellular DA levels when microinjected into the VTA, but not the Acb (Nisell et al., 1994a) . This difference may derive from the presence of nicotinic acetylcholine receptors (nAChRs) with different subunit composition (Le Nove Áre et al., 1996; Picciotto et al., 1998; Zoli et al., 1998; Klink et al., 2001) or pharmacology (Reuben et al., 2000; Wonnacott, 1997) , and/or a different functional role in VTA and Acb.
Development of drug dependence is a process that involves druginduced plastic changes in speci®c neuronal networks (Berke & Hyman, 2000) , including the mesolimbic DA pathway (Nestler & Aghajanian, 1997; Martin-Soelch et al., 2001) . Several groups have shown that repeated administration of psychostimulants (e.g. cocaine and nicotine) results in sensitization of the mesolimbic DA system to the effect of the drug itself (Pierce & Kalivas, 1997) , a phenomenon which may be necessary for development of drug dependence (Robinson & Berridge, 2000) . Accordingly, repeated administration of nicotine results in sensitization of both locomotor stimulation (Morrison & Stephenson, 1972; Ksir et al., 1985) and DA release in Acb (Benwell & Balfour, 1992; Shim et al., 2001 ) to a nicotine challenge. Yet, a single exposure to nicotine is suf®cient to elicit a variety of plastic changes. For instance, a single nicotine injection modi®es DA D2 binding and neuropeptide levels in dopaminoceptive striatal neurons (Dhatt et al., 1995; Li et al., 1995; Houdi et al., 1998) . A single nicotine application to slices of the ventral mesencephalon induces N-methyl-D-aspartate (NMDA) receptordependent long-term potentiation (LTP) in DA neurons (Mansvelder & McGehee, 2000) . Finally, a single nicotine injection increases c-fos expression in several brain areas, including input and output regions of the mesolimbic pathway (Lanca et al., 2000) .
In the present study we have examined several parameters related to the function of the mesolimbic DA pathway in animals treated with nicotine following three modes of drug administration, i.e. systemic intraperitoneal (i.p.) injection, intra-Acb infusion or intra-VTA microinjection. These parameters include (i) acute changes in dialysate DA levels from the Acb and locomotor activity in a habituated environment; (ii) long-term changes in dialysate DA levels from the Acb and the levels of mRNAs related to dopaminergic and glutamatergic transmission in the VTA, namely the DA biosynthetic enzyme tyrosine hydroxylase (TH), the dopamine transporter (DAT), the GluR1 subunit of the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) subtype and the NR1 subunit of the NMDA subtype of glutamate receptor. Changes in TH and/or glutamate receptor mRNAs in the VTA have been previously observed following exposure to several drugs of abuse (see e.g. Fitzgerald et al., 1996 and Boundy et al., 1999 and references therein) . Finally, the same neurochemical and behavioural parameters were studied after systemic injection of amphetamine, another drug of abuse which, similar to nicotine, elicits DA release in the Acb and locomotion (see, e.g. Carboni et al., 1989; McKinzie et al., 2002) .
Materials and methods

Animals and experimental groups
Adult male speci®c pathogen-free Sprague±Dawley rats (250 g body weight) were used for these studies. They were kept under standardized temperature, humidity and lighting conditions (lights on at 08.00 h and off at 20.00 h) and had free access to water and food. All animal experimentation was conducted in accordance with the European Community Council Directive of 24 November 1986 (86/609/EEC).
Animals were placed into the following experimental groups (nicotine doses are expressed as free base).
(i) Animals that received an i.p. injection of nicotine (0.4 mg/kg, n = 33) or vehicle (n = 24).
(ii) Animals that received nicotine (1 mM, continuously perfused during 60 min, n = 28) or vehicle (n = 24) administration through the dialysis probe. It has been shown that less than 1% of nicotine crosses the microdialysis probe (Marshall et al., 1998; Lecca et al., 2000) . This dose was chosen in order to obtain an increase of DA perfusate levels comparable with that obtained with intra-VTA injection of nicotine.
(iii) Animals that received nicotine (2 or 12 mg/1 mL infused during 2 min, n = 6 and 30, respectively) or vehicle (n = 22) administration into the ventral tegmental area through a microinjection cannula. The doses of nicotine microinjected into the VTA were chosen based on previous studies of cytisine microinjection into the VTA (Museo & Wise, 1990a) . In a preliminary set of experiments, we tested the effects of the two doses of nicotine on DA perfusate levels in the Acb. The lower dose gave small and inconsistent changes in DA levels. Therefore, we selected the 12 mg/mL dose of nicotine for the following experiments.
(iv) Animals that received an i.p. injection of amphetamine (0.75 mg/kg, n = 16).
Each animal was used for a single experimental procedure (intracerebral microdialysis, locomotor activity or in situ hybridization).
Intracerebral microdialysis
On day 1 of the experiment, animals were deeply anaesthetized with halothane (Fluothane), and a microdialysis probe guide cannula (Carnegie Medicine, Stockholm, Sweden) was implanted into the right medial Acb (coordinates: bregma +2.0 mm, 0.8 mm or 1.5 mm lateral, and ±8.0 mm ventral from dura) and secured to the skull with dental cement. In some animals, a stainless steel guide cannula (26 gauge, 500-mm outer diameter) was implanted into the VTA (coordinates: bregma ±5.3 mm, 0.8 mm lateral, and ±7.5 mm ventral from dura) and ®lled with a dummy cannula.
Twenty-four hours after surgery, the awake animal was gently restrained by the experimenter and a microdialysis probe (500-mm outer diameter, with a 2-mm length dialysing membrane, CMA12, Carnegie Medicine) was inserted into the guide cannula. The probe was connected to a microinfusion pump (CMA/102, Carnegie Medicine) and continuously perfused at 2 mL/min with Ringer's solution (KCl, 3.0 mM; NaCl, 147 mM; CaCl 2 , 1.2 mM; MgSO 4 , 1.2 mM; KH 2 PO 4 , 0.4 mM; pH 7.2). Starting 1 h after implantation, dialysate samples were collected every 20 min into 0.5-mL Eppendorf tubes containing 10 mL of mobile phase.
Nicotine, amphetamine or vehicle treatments were administered 3 h after probe insertion. In the case of intra-VTA injections, the animal was gently restrained and a stainless steel microinjection cannula (33 gauge) was inserted into the guide cannula. Nicotine or vehicle was injected over 1 min using a microinjection pump (CM100, Carnegie Medicine).
Mean basal dialysate DA levels were determined in the three dialysate samples before drug administration. Three hours after nicotine or vehicle administration, the probe was removed and the animal was returned to its home cage. Twenty-four hours after nicotine, amphetamine or vehicle administration, the microdialysis probe was re-implanted and, after 2 h, three samples were recovered. At the end of the experiment the animals were killed by rapid decapitation and the placement of the microdialysis probe was determined. Animals in which the probe was not correctly located, with large haemorrhages or signs of blood leak into the ventricles were excluded from the study. Using the present procedure, we found stable dialysate DA levels in the three samples preceding drug administration in the second or third experimental day. However, we noticed a slight progressive decrease in dialysate DA levels over the entire sampling period of each day and from day to day, so that basal DA levels on the third day were 70±80% of those of the second day in vehicle-treated animals. In pilot experiments, we found comparable results using animals stably implanted with the microdialysis cannula and tested 24 and 48 h after the implantation. We preferred to use the double insertion rather than the single implantation procedure Nicotine and long-term changes in mesolimbic DA 1811 because, with the latter procedure, the animals remained connected to the microinfusion pump through the cannula and tubing during two nights, when they have high spontaneous activity.
HPLC determination of dopamine levels
DA levels in the dialysate were determined using high-performance liquid chromatography (HPLC) with electrochemical detection (464B BAS, sensitivity: 20 fmol/sample; Bioanalytical Systems, West Lafayette, IN, USA). A volume of 44 mL from each dialysis sample was injected into a HPLC system with amperometric electrochemical detection for determination of DA (BAS, LC 4B). Separation of DA was performed on a Chrompack Spherisorb 5 ODS column (250 mm Q 4.6 mm inner diameter). The mobile phase consisted of 18% methanol in 80 mM NaH 2 PO 4 , 0.4 mM sodium octane sulphonate and 0.1 mM EDTA (pH 3.0) (Osborne et al., 1991) . Thē ow rate was 0.8 mL/min (2150 HPLC pump; LKB, Bromma, Sweden). The column was coupled directly to the amperometric detector cell. The system was equipped with a dual glassy carbon electrode with operating potentials set at 700 mV (vs. an Ag/AgCl reference electrode). The chromatograms were integrated with Gilson 712 HPLC software (Gilson Italia SRL, Milan, Italy) and standard curve ranging from 500 to 30 fmol was used to quantify the concentration of DA.
Locomotor activity
Locomotor activity was measured in motility cages (24 Q 45 cm) with 10 photocell beams on the long side connected to a digital counter (Multicounter LE3806; Letica, Barcelona, Spain). The animals were placed in the cages for a 2-h habituation period and then injected with nicotine, amphetamine or vehicle. Habituated locomotion was measured for 90 min following treatment.
In situ hybridization
The sequences of the oligonucleotides used for in situ hybridization experiments are shown in Table 1 . Three oligodeoxynucleotide sequences were chosen in unique regions of the rat TH, DAT, glutamate receptor subunits NR1 and GluR1 mRNAs following analysis for mRNA secondary structure using Genetic Computer Group Wisconsin package (Accelrys Ltd, Cambridge, UK) Sequence Analysis Software 7.1. The oligonucleotides for NR1 were directed to portions of the molecule that are common to all splice variants of this mRNA. Speci®city controls included the demonstration that (i) two or more probes for each mRNA showed an identical labelling pattern, (ii) probes with the same base composition but different sequence did not show the speci®c labelling pattern, (iii) the distribution of the labelling was identical to previously published distribution of the same mRNA. The oligonucleotide probes were labelled at the 3¢ end using 35 S-dATP (Amersham Pharmacia Biotech Italy, Cologno Monzese, Italy) and terminal deoxynucleotidyl transferase (Boehringer, Mannheim, Germany) following the speci®cations of the manufacturer to a speci®c activity of 100±300 kBcq/pmol. The labelled probes were separated from unincorporated 35 S-dATP using NucTrap push columns (Stratagene, La Jolla, CA, USA), precipitated in ethanol and resuspended in distilled water containing 50 mM dithiothreitol. After the speci®city test, the two oligonucleotides for NR1 or GluR1 were combined to increase the intensity of the hybridization signal.
Animals were killed by decapitation, frozen brains were cut on a cryostat (14-mm-thick sections) at a level ±5.5 mm from bregma, thaw-mounted on poly L-lysine coated slides and stored at ±80°C for 1±3 days. The procedure was carried out according to Zoli et al. (1995) . Probes were applied at a concentration of 2000±3000 Bcq/ 30 mL per section (corresponding to around 15 fmol per section). The slides were exposed for 7 days (TH and DAT) or 21 days (NR1 or GluR1) to Kodak BioMax MR (Amersham Pharmacia Biotech Italy).
Statistical analysis
Statistical analysis was performed using the SPSS version 10 statistical package (SPSS, Chicago, IL, USA). In microdialysis and in situ hybridization experiments, statistical comparisons between treatments were carried out by means of the nonparametric Mann± Whitney U-test. In locomotor activity experiments, statistical comparisons were carried out by means of repeated-measures analysis of variance using treatment as between-subject factor and number of beam breaks per 5 min as within-subject factor. P < 0.05 was de®ned as a threshold for signi®cant difference.
Results
Changes in dialysate dopamine levels from the nucleus accumbens after systemic or local nicotine administration Systemic nicotine injections (0.4 mg/kg) elicited a signi®cant increase in DA levels in the dialysate recovered from the Acb. The peak increase was detected 40 min after nicotine administration (Fig. 1A) . The placement of the probe in different parts of the Acb markedly in¯uenced the magnitude of the response. Nicotine elicited more than a 200% peak increase in DA levels when the probe was placed medial to the anterior commissure (corresponding to the shell of the Acb), but around a 40% peak increase when the probe was placed lateral to the anterior commissure (corresponding to the core of the Acb) (Fig. 1A) . We have chosen the medial location for all the following experiments. Saline i.p. treatment did not elicit any signi®cant increase in DA perfusate levels (Fig. 1A) .
In another group of animals, we administered nicotine directly into the VTA (DA cell bodies) or the Acb (DA nerve terminals). In both cases, nicotine elicited a signi®cant increase in DA perfusate levels, with peaks of » 300% for intra-Acb or intra-VTA administration ( Fig. 1B and C) . In the case of intra-Acb administration, DA levels remained elevated throughout the entire period of nicotine administration, but rapidly decreased when nicotine was withdrawn. After intra-VTA nicotine administration, the increase in DA levels was sustained and was still higher (30%) than basal DA level 3 h after nicotine administration. Intra-VTA administration of saline did not signi®cantly change DA dialysate levels (Fig. 1C) .
Changes in dopamine levels in the nucleus accumbens 24 h after systemic or local nicotine administration
When the same animals were tested on the day after the nicotine or vehicle challenge, basal DA levels differed signi®cantly across treatment groups. Basal DA levels were decreased by 30±40% in both animal groups treated on the previous day with systemic saline or nicotine (Fig. 2) . The animals previously treated with intra-Acb nicotine showed a decrease in basal DA levels (40%) similar to that observed after i.p. nicotine administration (Fig. 2) . Instead, the animals previously treated with intra-VTA nicotine showed a more than twofold increase in extracellular DA levels as compared with basal levels of the previous day, which was signi®cantly different from that induced by intra-VTA vehicle administration (Fig. 2) . When the animals treated with intra-VTA nicotine on the previous day were challenged with a further intra-VTA injection of nicotine, the magnitude of the percentage increase in dialysate DA levels from the Acb was similar to that elicited by nicotine the previous day, showing no sign of sensitization (Fig. 3) . However, no further posttreatment augmentation in basal DA levels could be observed.
Locomotion elicited by i.p., intranucleus accumbens or intraventral tegmental area nicotine administration Nicotine-stimulated locomotion in a familiar environment is thought to be dependent on activation of the mesolimbic DA system (see Introduction). We have therefore tested the rats treated with nicotine i.p., intra-VTA or intra-Acb, in a paradigm of habituated locomotion (Fig. 4) . The animals were treated with nicotine or saline 2 h after their placement in a locomotor activity cage. While both i.p. and intra-VTA nicotine elicited a signi®cant increase in locomotion ( Fig. 4A and C) , locomotion elicited by nicotine administered intraAcb was not signi®cantly different from that elicited by vehicle injection (Fig. 4B) .
Nicotine-administered i.p. reaches cell bodies and terminals of the mesolimbic DA pathway of both sides of the brain. It is also likely that nicotine injected into the VTA can diffuse and at least partially FIG. 1. Changes in dialysate dopamine (DA) levels from the nucleus accumbens (Acb) of rats after systemic (i.p.) (A), intra-Acb (B) or intraventral tegmental area (intra-VTA) (C) nicotine administration. In the case of nicotine i.p. treatment (A) the microdialysis probe was placed in the medial (med) or lateral (lat) Acb, whereas in the case of intra-Acb (B) or intra-VTA (C) administration the probe was always located in the medial Acb. Dialysate DA levels are expressed as a percentage of basal DA levels, calculated as the mean of the three dialysate samples obtained before drug injection. Statistical analysis according to Mann±Whitney U-test, *P < 0.05, nicotine vs. respective vehicle treatment. Animals per group: i.p. treatment: nicotine med (8), nicotine lat (8), vehicle (8); intra-Acb: nicotine (11), vehicle (8); intra-VTA: nicotine (13), vehicle (6).
FIG. 2.
Basal dialysate dopamine (DA) levels from the medial nucleus accumbens 24 h after systemic (i.p.), intranucleus accumbens (intra-Acb) or intraventral tegmental area (intra-VTA) nicotine administration. Statistical analysis according to Mann±Whitney U-test, *P < 0.05, nicotine or amphetamine vs. respective vehicle treatment.
FIG. 3. Changes in dialysate dopamine (DA) levels from the medial nucleus accumbens of rats after intraventral tegmental area (intra-VTA) nicotine administration injected in naive rats (day 1) or rats which received a nicotine intra-VTA injection 24 h before (day 2). Dialysate DA levels are expressed as a percentage of basal DA levels, calculated as the mean of the three dialysate samples obtained before drug injection.
activate the contralateral side of the VTA. Diffusion of nicotine to the contralateral side at an effective concentration is less likely in the case of intra-Acb administration. In order to exclude that the differences observed in nicotine-elicited locomotor activation are simply due to unilateral (intra-Acb) vs. bilateral (i.p. or intra-VTA) activation of the mesolimbic pathway, we placed a probe in each medial Acb and administered nicotine simultaneously through both probes. However, no signi®cant increase in locomotion was observed after bilateral nicotine intra-Acb administration (Fig. 4B) .
Dialysate dopamine levels from the nucleus accumbens and locomotion elicited by systemic amphetamine Amphetamine can potently stimulate the release of DA as well as effectively increase locomotor activity. We have therefore compared the effects of i.p. amphetamine on dialysate DA levels from the Acb as well as habituated locomotion to those elicited by i.p. nicotine. As expected, i.p. injection of amphetamine (0.75 mg/kg) elicited a large increase in dialysate DA levels with a peak value of » 500% (Fig. 5) . The same animals were tested the day after the amphetamine challenge and basal dialysate DA levels did not differ signi®cantly from those of the animals injected with saline (Fig. 2) . Locomotor activity after habituation to the cage was markedly increased by amphetamine (0.75 mg/kg) (not shown).
Analysis of dopamine transporter, tyrosine hydroxylase, NR1 and GluR1 mRNA levels in mesencephalic dopaminergic nuclei 24 h after nicotine intraventral tegmental area injection
We determined whether the increase in DA levels in the Acb observed 24 h after an intra-VTA injection of nicotine was accompanied by alterations in the expression of dopaminergic or glutamatergic markers in the VTA. Glutamate transmission in the VTA is considered to be critical for nicotine-elicited activation of the mesolimbic pathway (Fu et al., 2000; Schilstrom et al., 1998) . Both AMPA and NMDA subtypes of glutamate receptors are expressed in the VTA. The present analysis was carried out using two dopaminergic markers, TH and DAT, and two glutamatergic markers, the AMPA subunit GluR1 and the NMDA subunit NR1. TH mRNA levels were markedly increased in the VTA of rats treated with nicotine in the VTA (» 40%, P < 0.01, Mann±Whitney U-test) and to a lesser extent in rats treated with nicotine i.p. (» 25%, P < 0.05, Mann±Whitney U-test), but not in rats treated with nicotine in the Acb (Figs 6A and B, and 7A) . No signi®cant change was observed in the substantia nigra pars compacta (SNc) of any treatment group. A marked and signi®cant (» 55%, P < 0.001, Mann±Whitney U-test) increase of GluR1 mRNA levels in the ventromedial mesencephalon, including the dopaminergic portion of the VTA, but not in the SNc, superior colliculus or frontoparietal cortex (not shown), was detected in rats that had received intra-VTA nicotine (Figs 6C and D, and 7B) . No signi®cant change was observed 24 h after i.p. or intra-Acb nicotine treatments. NR1 and DAT mRNA levels were unchanged in all analysed regions, namely SNc, VTA, periaqueductal grey and frontoparietal cortex for NR1, and VTA and SNc for DAT, 24 h after i.p., intra-Acb or intra-VTA nicotine treatment (not shown).
Discussion
Systemic, intranucleus accumbens and intraventral tegmental area administrations of nicotine differ in their neurochemical and behavioural effects
The present results show that a single peripheral dose of nicotine results in both an increase in dialysate DA levels from Acb, and an FIG. 4 . Locomotor activity in a habituated environment of rats after systemic (i.p.) (A), intranucleus accumbens (intra-Acb) (B) or intraventral tegmental area (intra-VTA) (C) nicotine administration. In the case of nicotine intra-Acb administration, both unilateral (unilat) and bilateral (bilat) administrations were studied (B). Locomotor activity was evaluated as the number of photocell beam breaks per 5 min. Nicotine or vehicle was administered after 90 min habituation time to the cage. Statistical analysis according to repeated-measures analysis of variance, *P < 0.05, nicotine vs. respective vehicle treatment. Animals per group: i.p. treatment: nicotine (5), vehicle (4); intra-Acb: unilateral nicotine (5), bilateral nicotine (4), vehicle (4); intra-VTA: nicotine (5), vehicle (4). increase in habituated locomotion, but no signi®cant changes in dialysate DA levels from the Acb 24 h postinjection. A dissociation between these effects occurs when local injection of nicotine is performed in different sites of the mesoaccumbens pathway. Systemic, intra-VTA and intra-Acb nicotine administration are all able to increase dialysate DA levels from the Acb acutely to a roughly comparable extent. In contrast, while both systemic and intra-Acb nicotine administrations result in no long-term changes in dialysate DA levels, intra-VTA nicotine administration causes an increase in basal dialysate DA levels from Acb 24 h following injection. A further dissociation is seen in nicotine-elicited locomotor activation depending on the mode of administration. Whereas either i.p. or intra-VTA injection of nicotine results in an increase in locomotion, intraAcb injection is ineffective in altering this behaviour.
Effects on dialysate dopamine levels from the nucleus accumbens
As previously shown by several groups (Imperato et al., 1986; Nisell et al., 1994b; Marshall et al., 1997) , nicotine administered systemically, either into the Acb or into the VTA, elicits a marked increase in dialysate DA levels from the medial Acb (mostly corresponding to the shell subdivision). Nicotine administration into the Acb was at least as effective as systemic or intra-VTA nicotine administration, although DA levels rapidly dropped when nicotine administration through the dialysis cannula was withdrawn. This is consistent with what has been shown by Marshall et al. (1997) , but differs from what has been reported by Nisell et al., (1994b) . Overall, the present data support the notion that nAChRs expressed in the DA cell body and terminal areas are capable of eliciting DA release in the Acb of the awake, freely moving rat. However, the outcome of the treatment seems to be dependent on both the site of injection as well as the mode (e.g. cannula vs. microdialysis probe, time of infusion) of nicotine administration and its dose.
Effects on locomotor activity
Systemic, intra-VTA and intra-Acb administrations of nicotine had different effects on locomotor activation. Unilateral injection of nicotine into the VTA resulted in locomotor activation comparable with that recorded upon systemic administration. In contrast, unilateral or bilateral injections of nicotine in the Acb were ineffective. These data are in line with previous studies on intra-VTA (Museo & Wise, 1990a; Reavill & Stolerman, 1990; Panagis et al., 1996) and intra-Acb injection of nicotine or cytisine (Museo & Wise, 1990b; Reavill & Stolerman, 1990; Leikola-Pelho & Jackson, 1992) . However, we show here that differences in locomotor activation with the two treatments are paralleled by comparable increases in dialysate DA levels from the Acb. Thus, increase in accumbal dialysate DA levels alone is not suf®cient to elicit locomotion. A similar dissociation has previously been reported by Balfour and coworkers (1998) who showed that pretreatment with the NMDA antagonist D-CPPene prevents the increase in dialysate DA levels from Acb, but not the sensitized locomotor response elicited by repeated nicotine administration. The link between nicotine-elicited DA increase observed in microdialysis experiments and locomotion is probably more complex than previously thought (see also discussion in Balfour et al., 1998) . The intracerebral microdialysis technique samples extracellular¯uid in the minute time-scale and cannot distinguish between different spatiotemporal patterns of DA release, leading to, for example, the activation of synaptic vs. nonsynaptic DA receptors (Agnati et al., 1995; Zoli & Agnati, 1996; Balfour et al., 1998) . Another possibility is that, besides DA transmission, intra-Acb nicotine activates other neurotransmissions with opposite action on locomotion (see, e.g. the evidence for DA glutamate antagonism on reward mechanisms in the Acb, Carlezon & Wise, 1996) . Alternatively, coactivation of other DA terminal ®elds besides Acb may be necessary for nicotine-elicited locomotion. In fact, while diffusion of nicotine from Acb should not in¯uence DA terminals in caudate putamen or prefrontal cortex, intra-VTA nicotine injection elicits DA release in the prefrontal cortex and may also in¯uence DA cells bodies in the SNc and, thus, DA release in the caudate putamen. Although nicotine activation of the nigrostriatal or mesocortical pathway alone does not elicit locomotion (Museo & Wise, 1990b , their coactivation together with the mesolimbic pathway may be necessary for full expression of nicotine-elicited locomotion.
A single nicotine injection into the ventral tegmental area results in long-term increases in dialysate dopamine levels from the nucleus accumbens, as well as in tyrosine hydroxylase and GluR1 mRNA levels in the VTA Three hours and, more markedly, 24 h after a single nicotine injection in the VTA, dialysate DA levels from the Acb were signi®cantly increased with respect to vehicle-treated animals. This change was dependent on the site of nicotine administration (see the lack of effect after i.p. and intra-Acb nicotine administration) and unrelated to the extent of the acute increase in accumbal dialysate DA level (see the lack of effect after amphetamine administration). The increase in baseline dialysate DA levels was accompanied by a signi®cant increase in the expression of TH and GluR1 mRNA levels in the VTA. Notably, increase in GluR1 expression in the VTA parallels development of sensitization to several drugs of abuse, including cocaine and morphine, as well as stress (Fitzgerald et al., 1996; Carlezon et al., 1997) . By increasing the rate of DA synthesis (TH) and the strength of the excitatory glutamatergic input (GluR1), the alterations in TH and GluR1 expression may therefore contribute to the basal hyperfunctioning of the mesolimbic DA pathway.
While the absence of nicotine-induced potentiation of the DA mesolimbic pathway after intra-Acb administration can be explained on the basis of different nAChR composition or circuitry in the Acb and VTA, respectively (see later discussion on LTP and long-term depression, LTD), i.p. nicotine administration can activate nAChRs in the VTA and therefore should, in principle, mimic the effects of intra-VTA nicotine injection. Among the factors that may account for the difference between i.p. and intra-VTA nicotine administration, nicotine concentration could be the most critical. Intra-VTA administration very likely results in a higher local concentration of nicotine than i.p. administration. This may lead to greater activation (or desensitization) of nAChRs in the VTA than what can be achieved by systemic nicotine administration. On the other hand, the high local concentration of nicotine may prolong its effects on nAChRs. It is therefore possible that, in this way, local nicotine can mimic the effects of repeated systemic nicotine administration causing a sensitization of DA mesolimbic pathway.
Increased DA accumbal levels upon single nicotine intra-VTA injection resemble the sensitization to the locomotor stimulant and DA-releasing effects of nicotine that are obtained upon repeated administration of systemic nicotine (Balfour et al., 1998; Shim et al., 2001) . Nicotine sensitization is dependent on activation of nAChRs in the VTA, as it can be produced by repeated nicotine injections in this area (Balfour et al., 1998) . However, the phenomenon described here is different from, although possibly related to, sensitization (discussed earlier). Sensitization is de®ned as an increased effect elicited by subsequent administrations of the same dose of a drug. In contrast, what is shown here is the effect of a single dose of nicotine leading to a long-term (at least 24 h) increase in baseline dialysate DA levels from the Acb.
Possible mechanisms for intraventral tegmental area nicotineelicited potentiation of mesolimbic dopamine pathway
In the VTA, nicotine excites dopaminergic neurons via activation of somatic and/or dendritic nAChRs (Pidoplichko et al., 1997; Klink et al., 2001) and by stimulating glutamate release via nAChRs located on nerve terminals possibly projecting from the hippocampus or neocortex (Fu et al., 2000; Mansvelder & McGehee, 2000; Schilstrom et al., 1998) . A recent paper reported that NMDA receptor-dependent LTP can be induced in VTA DA neurons by pairing postsynaptic depolarization with nicotine application (Mansvelder & McGehee, 2000) . Indeed, late-phase LTP in the CA1 ®eld of the hippocampus is paralleled by increased GluR subunit expression (Nayak et al., 1998) , similar to what we observed 24 h after the intra-VTA nicotine challenge. Interestingly, it has recently been shown that a single cocaine exposure induces an AMPA receptor-dependent LTP of excitatory synapses onto DA neurons in the VTA (Ungless et al., 2001) . Therefore, a possible explanation for nicotine-induced potentiation of the mesolimbic DA pathway is that intra-VTA nicotine treatment results in LTP of the glutamatergic input onto DA neurons in the VTA (a similar mechanistic hypothesis has been proposed for nicotine sensitization by Balfour et al., 1998) .
Interestingly, activation of both glutamatergic and dopaminergic transmission in the striatum leads to LTD (Lovinger & Tyler, 1996 ; Calabresi et al., 1997) rather than LTP. This difference may explain FIG. 7 . Bar histogram showing the semiquantitative analysis of tyrosine hydroxylase (TH) (A) and GluR1 (B) mRNA levels in the ventral mesencephalon of rats 24 h after i.p. intranucleus accumbens (intra-Acb) or intraventral tegmental area (intra-VTA) injection of nicotine. For each mRNA, two experiments with six animals per treatment were performed, obtaining very similar results. Therefore, the data were pooled for the statistical analysis. Results are shown as mean percentage value T SEM of the respective vehicle-treated mean value. Statistical analysis according to Mann±Whitney U-test, **P < 0.01, *P < 0.05, nicotine vs. respective vehicle treatment.
the different outcome of intra-Acb and intra-VTA nicotine injection on accumbal DA levels detected 24 h after the nicotine challenge. A balance between LTP in the VTA and LTD in the Acb may indeed explain why systemic nicotine treatment does not reproduce the effects of intra-VTA nicotine injection.
It has previously been shown that long-term exposure to nicotine, via activation of b2* or a7* nAChRs, causes a long-lasting rise of intracellular Ca 2+ level (Tsuneki et al., 2000) . Therefore, both nAChR-elicited potentiation of NMDA transmission (discussed earlier) and direct activation of postsynaptic nAChRs lead to increase in Ca 2+ levels in DA neurons. Similar to what has been observed in other neuronal cells (Cammarota et al., 1998; Gueorguiev et al., 2000) , activation of Ca 2+ /calmodulin-dependent kinases may, in turn, increase GluR1 and TH expression, thus leading to the long-term increase in basal dialysate DA levels from the Acb.
Prolonged nicotine exposure is known to result in desensitization of several types of neuronal nAChRs, a phenomenon that may contribute to development of nicotine dependence (Katz & Thesleff, 1957; Changeux, 1990; Dani & Heinemann, 1996; Changeux & Edelstein, 1998) . Long-term desensitization of nAChRs could cause the observed changes in DA transmission if DA neurons were under tonic inhibitory nicotinic tone. Recent papers have shown that speci®c nAChR subtypes are expressed in various g-aminobutyric acid (GABA) subpopulations in the VTA/SN , and GABA transmission tonically inhibits mesencephalic DA neurons (Ikemoto et al., 1997; Paladini et al., 1999) . Although available evidence suggests that intra-VTA or intra-Acb infusion of nicotinic antagonists (Fu et al., 2000) does not modify DA perfusate levels in the Acb, it remains possible that desensitization of nAChR subtypes expressed in speci®c GABA subpopulations may relieve an inhibitory nicotinic tone on the mesolimbic DA pathway.
Conclusions
In conclusion, we have shown that systemic, intra-Acb and intra-VTA nicotine administration elicit comparable increases in dialysate DA levels from the Acb. This increase in extracellular DA levels is not by itself suf®cient to enhance locomotion in a habituated environment, as intra-Acb nicotine administration does increase DA levels markedly but does not alter locomotor activity signi®cantly. Finally, in the case of intra-VTA nicotine administration, in addition to acute increases in dialysate DA levels from Acb and locomotor activity, a long-term (at least 24 h) alteration occurs in basal dialysate DA levels from the Acb as well as in TH and GluR1 mRNA levels in the VTA, demonstrating a new form of plasticity of the mesolimbic DA pathway elicited by a single injection of nicotine.
